Most neurons of area 17 in the cat respond to both light and dark stimuli, and it is often assumed that these responses originate from the on-center and off-center cells, respectively, of the lateral geniculate nucleus. This has not been demonstrated experimentally, however. Whether the on and off pathways make unique contribut.ions to some of the response properties characteristic of visual cortex, such as orientation selectivity, is also unknown.
In the preceding paper (Horton and Sherk, 1984) we described the effect on lateral geniculate neurons of the injection of D,L-2-amino-4-phosphonobutyric acid (APB) into one eye. The major change was an apparent inactivation of on-center cells. The receptive field organization of off-center cells remained essentially normal; surround ' inhibition was undiminished, and excitatory on-responses from the surround could still be elicited. The only clear change that we observed was some decline in responses from the field center. The drug thus appears to be quite selective for the on pathway.
Because of its selectivity, APB provides a means of addressing a question of considerable interest: how do geniculate on-and off-channels combine to generate the response properties of visual cortical cells? Most cells in the cat's area 17 respond well to both light and dark stimuli (Hubel and Wiesel, 1962) , suggesting that they receive input from both on-and off-center geniculate cells. It also seems likely that both on and off pathways help shape the stimulus specificity of a particular neuron, say for orientation or direction of movement. These possibilities can be explored by the use of APB.
The cat is particularly well suited for investigating the roles of on and off pathways because many of its cortical cells respond well to stimulation of each eye (Hubel and Wiesel, 1962) . For such cells it is possible to compare response properties with and without input from geniculate on-center cells by injecting APB into one eye only. Because most response properties of binocular cells are similar in the two eyes (Hubel and Wiesel, 1962; Nelson et al., 1977; Eggers and Blakemore, 1978; Ferster, 1981; Skottun and Freeman, 1982) , each cell can then serve as its own control. The validity of this technique for particular response properties is discussed under "Materials and Methods."
Materials and Methods
Surgery and recording. The methods used in these experiments have been described in the preceding paper (Horton and Sherk, 1984) . The major departure from the protocol followed in geniculate experiments was that we recorded from both the right lateral geniculate nucleus (LGN) and the left visual cortex at the same time. A coarse monitoring electrode was used in the LGN; the aim was to maximize the number of units recorded at one site, to facilitate the detection of returning onresponses. As long as the APB was effective, a spot stimulus elicited only an off-response. Evidently center inhibition is sufficiently strong relative to surround excitation in the LGN that excitatory surround responses are entirely suppressed when a spot stimulus is used. This made it easy to hear the first hint of returning oncenter responsiveness.
In experiments in which data were collected quantitatively, we tested geniculate responses after studying each cortical cell. If there was any suggestion of an onresponse, we discarded that cell's data and reinjected the eye. We frequently advanced the geniculate electrode in search of on-responses, and we generally made several geniculate penetrations per experiment.
Stimulation. Receptive fields were initially plotted with a hand-held projector. For quantitative data collection, an optic bench was used to project moving light square or slit stimuli onto a tangent screen, with all stimulus parameters except intensity being adjustable. Histograms were compiled using these stimuli as described in the preceding paper. For cells that were sufficiently responsive in each eye, we generally made histograms for both eyes of responses to optimally oriented slits and edges moving in both directions. Light squares considerably larger than the receptive field were used to elicit edge responses. For each histogram, the computer calculated the mean number of spikes per stimulus sweep and the standard deviation; these data were used to estimate the reliability of cell responses. For some cells, we generated orientation tuning curves by making histograms to a series of slits of differing orientation, usually 15 or 30" apart.
Cell classification. Hubel and Wiesel's (1962) criteria were used for distinguishing simple from complex cells. Cells responding only to on, or only to off, stimuli are difficult to classify in this fashion, but Palmer and Davis (1981) have argued that these should be grouped with simple cells if they have inhibitory subfields and with complex cells if they do not. We usually did not test for inhibition and, to avoid including complex cells in the simple category, have grouped the untested "on-only" or "off-only" cells with complex cells.
Following Gilbert (1977) , we further categorized complex cells as standard or special. We have somewhat modified his definition of special complex by including in this class cells that responded briskly to a slit much shorter than their receptive fields but that showed mild summation up to the length of the field. We were unable to classify some cells, mostly those that were strongly dominated by the injected eye and consequently had poor and erratic responses to stationary stimuli.
Similarity of left and right eye response properties. Hubel and Wiesel (1962) examined qualitatively the response properties and receptive field organization of individual cells in each eye and concluded that they were quite similar in the two eyes. For the purposes of the present study, one would like to have quantitative verification of this for some properties: in particular, orientation and direction selectivity, the relative strength of responses to light and dark edges, and the presence of similar subfields in the left and right eye fields of simple cells. There is strong quantitative evidence that orientation tuning for a given cell is very similar in the two eyes (Nelson et al., 1977) . Direction selectivity is less consistent, with occasional cells actually showing opposing preferences in the two eyes (one cell each in three quantitative studies: Bishop et al., 1971c; Hammond, 1978 ; (in monkey) Malpeli et al., 1981) . Quantitative confirmation of the presence of similar subfields within the left and right eye receptive fields of simple cells has been found by Bishop et al. (1971c) and Ferster (1981) . Since edge responses can be correlated with the presence and interactions of such subfields (Bishop et al., 1971a, b) , it seems reasonable to suppose that edge responses will also be similar in the two eyes, although no quantitative comparison of such responses in the two eyes has been carried out. It is worth noting, however, that two other properties related to responsiveness to light and dark contours-contrast sensitivity and spatial frequency tuning-have been found to be quantitatively quite similar in the two eyes (Eggers and Blakemore, 1978; Skottun and Freeman, 1982) .
Laminar analysis. The cat was perfused with formalin at the end of the recording session; the visual cortex was sectioned parasagittally and stained with cresyl violet. Cortical electrode penetrations were reconstructed by the use of small electrolytic lesions made during the penetration. Laminar positions were determined in this fashion for the bulk of the cells described in this study.
Results
Global effects of APB eye injection. The most striking change that we observed in the cortex was a severe reduction in responsiveness to stimulation of the injected eye. Whereas responses remained brisk in the normal eye, indicating that the cortex was healthy, it was often necessary to search to find a cell that responded well enough in the injected eye for its receptive field to be plotted. This was true for all 16 cats. Figure 1 , an ocular Hubel and Wiesel's (1962) ocular dominance categories were used. Cells in group 1 were monocular for the contralateral, APBinjected eye, and those in group 7 were monocular for the ipsilateral, control eye. Cells in group 4 were influenced equally by both eyes, whereas those in groups 2, 3, 5, and 6 showed intermediate degrees of ocular dominance. The distribution is quite abnormal, being strongly skewed to favor the ipsilateral, control eye. dominance histogram pooling data from all cats, illustrates the decline in responsiveness. A normal histogram of ocular dominance is slightly skewed toward the contralateral eye (Hubel and Wiesel, 1962) , but this one heavily favors the ipsilateral, control eye. The change induced by APB is actually underestimated by this histogram because there was a tendency to undercount cells that were monocular or almost monocular for the control eye (groups 6 and 7 of Hubel and Wiesel's (1962) ocular dominance scale). We usually advanced the electrode rapidly through regions of cortex strongly dominated by the normal eye since cells lacking responses through the injected eye were of little interest to us. Even so, more cells fell in groups 6 and 7 than in any other two categories. A more precise estimate of the loss of responsiveness due to APB is not possible because we lack quantitative data for the cells in these groups.
Responses also tended to be more variable through the injected eye, which we confirmed quantitatively for 132 cells (analysis of variance, p < 0.01; see "Materials and Methods"). As a measure of variability, the standard deviation of each cell's response was divided by its mean response (obtained using the optimal stimulus for the injected eye); this value averaged 0.29 in the control eye and 0.37 in the injected eye. A consequence of this variability was that receptive fields were more difficult to plot through the injected eye, and we often remained uncertain of their borders.
If one accepts our conclusion from the preceding paper that APB inactivates on-center geniculate cells, one would expect some reduction in overall cortical responsiveness. More interesting is the question of specific changes in response properties. In order to look at this, we systematically compared responses through the two eyes to light and dark moving edges and to stationary and moving slits; we also examined orientation selectivity, direction selectivity, length summation, end inhibition, and overall responsiveness for each cell. This was possible only for cells that were reasonably responsive through both eyes, so our sample is not large. One hundred eighty-four such cells were studied, 134 of them quantitatively.
Quantitative data were also collected from 17 cells driven only through the injected eye. These data are presented in the following sections.
Responses to stationary stimuli. Since on-center responses could not be found in the geniculate layers affected by APB, we expected that cortical cells would likewise fail to respond through the injected eye to the onset of stationary light stimuli. This turned out to be the case for all complex cells tested. Nearly all simple cells (31 of 36) also lacked any detectable on-responses through the injected eye to stationary stimuli. Of the five exceptions, two gave only occasional, marginal responses, while three had convincing on zones. In each case we were immediately concerned that the APB might be wearing off, and so searched the LGN for indications of reappearing on-responses. We found none. Thus, we tentatively conclude that, for a few simple cells, oncenter geniculate inputs are not essential for producing on zones.
Although the loss of on-responses was clear, it was difficult to interpret this finding because the off-responses of both simple and complex cells were also abnormally weak and erratic. Therefore, we primarily used moving stimuli, which elicited much stronger and more consistent responses, to investigate the changes caused by APB.
Responses to moving light edges. Most cells of area 17 respond well to both light and dark moving edges (Hubel and Wiesel, 1962) , and, since input from on-center geniculate cells is thought to produce cortical light edge responses (Bishop et al., 1971a, b; Schiller et al., 1976) , one might expect these to be abolished by APB eye injections.
We did observe a striking reduction in such responses elicited through the injected eye. Surprisingly, although the loss was substantial for most cells, it was seldom complete; only 30 of 149 cells tested quantitatively lacked any light edge response whatsoever. A typical cell's responses are illustrated in Figure 2 . Although for most cells we relied on the control eye's responses to estimate how APB had affected the injected eye's responses, in this case we tested the cell before the contralateral eye was injected with APB and again after the drug had taken effect. Before injection, this standard complex cell's response to light edges was much better than to dark edges. After APB had silenced on-center responses in the LGN, about 80 min following injection, the response to light edges had fallen to a fraction of the dark edge response, which remained unchanged. Although we waited another 15 min and then retested the cell, thinking that more time might be required for the drug to become fully effective, the residual light edge response persisted.
Most cells retained only a weak response to light edges, Vol. 4, No. 2, Feb. 1984 2 E 2 APB 2 eye Figure 2 . Peristimulus time histograms showing one standard complex cell's responses in each eye before and after the right eye was injected with APB. The stimulus was a moving light square considerably larger than the receptive field. Only one of its edges was in the field at any given time, so that the cell's responses to the leading, light edge of the stimulus and to the trailing, dark edge were clearly separated in time (given on the abscissa). The cell's response to the light edge was initially vigorous; after APB injection it was almost abolished in that eye ( lower right histogram) but was unaffected in the control eye (upper histogram). The response to the dark edge showed no change. The stimulus sweep duration was 8 set, but only a 6-set segment of each histogram is shown. Calibration bars: 20 spikeslsec.
but some showed no obvious reduction compared to the control eye; a few actually responded more briskly to a light than to a dark edge in the injected eye. This variability was evident in histograms from neighboring cells in single electrode penetrations, such as that illustrated in Figure 3 . Here a given cell's response through the injected eye is shown by the upper member of each pair of histograms, and its response through the control eye by the lower member. Cells having some light edge response are interspersed with ones having none. For example, the fifth cell encountered (no. 2241) had no light edge response at all, whereas the preceding and subsequent cells (nos. 2164 and 2260) showed no apparent loss.
To estimate the overall loss of light edge responses in this heterogeneous sample, we first simply calculated the light edge response as a percentage of the dark edge response for each cell. Figure 4 shows these values for the injected eye (upper histogram) and for the control eye (lower histogram). The control eye's data are centered around 100% since light and dark edge responses are about equal (the actual median is 108%). By contrast, the values for the injected eye tend to be lower, with a median of 52%, reflecting the weakness of light edge responses.
It was possible to estimate the loss of light edge response for each cell by taking into account responses through the control eye. For the sake of this calculation, two assumptions were made. First, we assumed that dark edge responses were not affected by the APB injection. This is a conservative assumption, since, if dark edge responses were actually weakened by APB, as seems likely (see below), the reduction in light edge response will be underestimated. Second, we assumed that the ratio of light edge to dark edge response is normally about the same in each eye for a particular cell. This has not been verified quantitatively, so the accuracy of our estimate of any particular cell's loss of light edge response is uncertain. For the sample as a whole, however, individual errors will tend to cancel, and the observed reduction in light edge responsiveness can be taken as a valid reflection of that produced by APB.
For each cell, the light edge response in the control eye was first calculated as a percentage of the dark edge response in the same eye. For example, suppose that in the normal eye a cell had a light edge response equal to 80% of its dark edge response. By taking 80% of the cell's dark edge response in the APB-treated eye, we then calculated what light edge response might have been expected in the absence of APB. If our hypothetical cell gave 20 spikes, on average, to a dark edge through the injected eye, its expected light edge response would be 16 spikes. This expected value could then be compared to the cell's actual response.
The expected light edge response of each cell is plotted against its actual response through the injected eye in Figure 5 for 129 cells (the sample for which we obtained edge responses in both eyes). When the actual response equaled the expected response, the point fell on the diagonal line. Most points in fact fell below this line, because for most cells the actual light edge response was less than predicted from the control eye's response. Apart from the overall decline in responsivness described above, this change was the most striking effect of APB eye injection that we observed.
It was common to find that the injected eye's response was only loosely correlated with the passage of the light edge across the receptive field, especially for cells having weak responses, so the resulting light edge response peaks appeared quite ragged. Figure 6 shows three examples. In the control eye a light edge elicited a discrete burst of spikes, followed by a return to baseline. In the . Cell responses to light edges measured as percentages of their responses to dark edges. The average cell, studied through the normal eye, would be expected to give about the same response to a light and to a dark edge and thus have a value of 100%. The median value for normal eye-driven cells (lower histogram) was very close to this, 108%. Cells tested through the injected eye (upper histogram) had lost much of their light edge responsiveness and had a median value of 52%. Simple cells, shown in black, retained more light edge response and thus show a more uniform distribution. injected eye, the response was more scattered, and it persisted after the light edge had left the receptive field. During this interval of irregular firing, the field was still diffusely lit by the large, moving, bright square that served as a stimulus; the dark edge had not yet entered the field. This suggests that firing to diffuse illumination is normally suppressed and that inactivation of on-center geniculate input disinhibited this activity.
In general, simple cells were less affected by APB injection than complex cells, with most still giving some response to light edges (see Figs. 4 and 5) . In some cases, the overall weakness of simple cell responses made it difficult to estimate whether there was a loss of light edge response in the injected eye. But many clearly gave brisk responses to such stimuli; they will be discussed in a later section. . For 124 binocular cells, the actual resonse to a light edge in the APB-injected eye (ordinate) was plotted against the expected light edge response (abscissa). The expected response was calculated from the cell's edge responses in the normal eye, assuming that the response to dark edges was not decreased by APB (see the text). If the light edge response was as brisk as predicted, the data point fell on the diagonal line; if it was weaker, the point fell below the line. Different cell types are distinguished by different symbols. All cell types except simple ones showed a substantial loss of light edge response in the injected eye; the loss was less marked for simple cells. Units of response are spikes per second.
Although Figure 5 suggests a large reduction in light edge responses in the sample as a whole, the magnitude of surviving responses was not negligible. The median cell gave 9 spikes per sweep to a light edge (compared to 19 in the control eye), and a few had much stronger responses. We think that the major source of these is probably input from the on-surrounds of off-center geniculate cells. However, one alternative possibility is that these responses are artifactual and would have been eliminated completely had more APB been administered. The next section examines this hypothesis.
Possible sources of light edge response in the APBinjected eye. A major concern was the possibility that not all on-center geniculate responses driven by the injected eye were silenced by the injection; a small population of active on-center cells might account for the modest light edge response still present in the cortex. We think this unlikely. No on-responses were detectable in the geniculate laminae driven by the injected eye, nor did higher concentrations of APB (up to 900 PM) abolish cortical light edge responses.
Another possibility is that the effective concentration of APB at the retina varied with time, so that it peaked some time after injection and then slowly declined, resulting in a period during which some on-responsiveness had reappeared in the LGN but at a level too low to be detected by multiunit recording. One would expect to see Figure 6 . The edge responses of three complex cells obtained through the control (upper histogram) and APB-injected eyes (lower histograms). These cells showed incresed firing in the injected eye that was not closely correlated with the edge stimuli. This was particularly evident in the interval between the light and dark edge response peaks, when the receptive field was diffusely illuminated by the large light stimulus. Six seconds of each original S-set histogram are shown. Calibration bars: 20 spikes/set. this reflected in the cortex; cells studied early during an experiment should give little response to light edges, but those recorded later, during the period preceding the appearance of detectable geniculate on-responses, ought to show considerably more robust light edge responses. However, what we found was that cells with relatively brisk light edge responses were encountered amongst ones that apparently had lost their light edge responses partially or entirely (see Fig. 3 ). We could discover nothing systematic in the recording order of cells having a robust light edge response in the injected eye.
Responses to moving dark edges. Our impression was that even when dark edges were used as stimuli, cells responded unusually weakly and erratically through the APB-injected eye. It was difficult to establish this de& nitely for any given cell, since there was no way of knowing how strong the dark edge response was before APB injection. However, if APB does not reduce dark edge responses, they should be equal in the two eyes in the sample taken as a whole (or slightly stronger in the injected eye since this was the contralateral one). Therefore, in Figure 7 the dark edge response obtained through the injected eye has been plotted against that for the control eye for 122 cells. Equal responses in both eyes are represented by the diagonal line, and points falling below this line represent weaker responses in the injected eye. The distribution of points is indeed shifted downward in this figure, indicating an overall decline in dark edge responses in the injected eye.
Two explanations for this unexpected decline seem likely. First, off-center cells in the LGN became somewhat less responsive after intraocular APB injections (Horton and Sherk, 1984) , and this reduction was presumably passed on to the cortex. Second, it is possible that the off-surrounds of on-center cells contribute to dark edge responses, and abolition of this latter surround input by APB would then weaken dark edge responses. A cell with equally strong responses in both eyes would fall on the diogonul line. There is a tendency for data points to fall below this line, indicating that even dark edge responses were usually weaker in the injected than in the control eye. Units of response are spikes per second.
We encountered a few cells that still responded briskly to light edges in the injected eye but appeared to have suffered a severe decline in their responses to dark edges, at least to one direction of movement. Three such cells were encountered in the long penetration illustrated in Figure 3 (nos. 1860, 2164, and 2260) . It is possible that this phenomenon actually reflected an increase in light edge response, perhaps due to disinhibition, so the dark edge response only appeared to be smaller. Whatever the cause, it is important to note that all cells driven by the injected eye had at least some response to dark edges.
Simple cells. Simple cells were of particular interest because one could predict how their receptive field organization, as plotted with stationary stimuli, should be changed by intraocular APB injection and, from this, how their responses to moving slit stimuli might be altered. Our sample of simple cells was small, only 36 neurons. We do not think that APB selectively inactivates such cells, but rather that this reflects the tendency of simple cells to be strongly dominated by one eye. Neurons responding well only in the injected eye could not be identified as simple because generally we could not elicit on-responses to stationary stimuli from them and thus could not identify discrete on and off zones in their receptive fields.
Simple cells responded to moving slits as one would predict given that their receptive fields had lost their on zones. Four of these cells are illustrated in Figure 8 . For a field composed of an off zone adjoining an on zone, a light slit moving in the proper direction will evoke two bursts of firing, the first upon entering the on zone, the second upon leaving the off zone. The first three cells behaved just this way when stimulated through the control eye (upper histograms in parts A, B, and C of Fig.  8 ). When the on zone is eliminated, a moving slit should elicit only a single burst, which occurs when it leaves the off zone, and this was the case for the injected eye (bottom histograms of Fig. 8 , A to C). The fourth cell, illustrated in Figure 80 , had two off zones and, consequently, in the control eye, two response peaks to either direction of slit movement. As one would predict, both of these survived in the injected eye (bottom histogram of Fig. 80) .
Although the responses of simple cells to moving slits appeared to follow logically from the arrangement of their subfields, their responses to moving edges were unexpected. Most cells that lacked any on-response still responded to light edges. Of 21 such cells studied quantitatively, 18 had clear-cut light edge responses; cells studied qualitatively showed the same behavior. Figure  9 illustrates the edge responses through both eyes for four simple cells. (The slit responses of three of these are shown in Fig. 8 .) These cells could thus be excited by light stimuli, but apparently via a mechanism too weak to be activated by light slits, stationary or moving. Summation over a large region, such as provided by the edge stimuli, appeared to be necessary.
A number of simple cells actually responded better to a light edge in the injected eye than predicted from the control eye's response (see Fig. 5 ). The most dramatic example of this was the cell of Figure 9D , which responded to light edges in the injected eye despite the absence of any light edge response in the control eye. Similarly, the cell of Figure 9B gave a relatively delayed and weaker response to a light edge in the control eye. This surprising behavior may follow from a loss of inhibtion that would normally be mediated by on-center geniculate input (see "Discussion"). I,_l.k. Figure 8 . Responses of four simple cells to a thin moving light slit. A, The cell illustrated here had two subfields (one on and one off), and a slit moving in the direction indicated elicited two bursts of firing in the control eye (upper histogram). In the APB-injected eye, the slit elicited only one burst of firing. This was evidently due to the loss of the on-subfield, which also could not be detected with stationary stimuli. B and C show two other cells with similar behavior. D, A simple cell with two off-subfields, which still gave two bursts of firing to a moving slit presented to the injected eye (lower histogram) . This is what one would predict, despite the loss of the on-subfield. Six seconds of the original S-set histograms are shown. Calibration bars: 20 spikes/set. Direction selectiuity. Some cells appeared to lose their direction selectivity after APB injection, whereas other nonselective cells appeared to acquire a directional preference. Such changes were not very common, occurring in only 15 of a sample of 95 cells. The simplest case, found in two cells, was a complete absence of responsiveness in one direction in the injected eye. Figure 1OA shows the responses to moving edges of a simple cell that favored rightward movement in the control eye but failed to respond to slits or edges in this direction in the injected eye. More commonly, we encountered cells with a severe but not total loss of response in one direction, like that of Figure lOB, which still gave a feeble response through the injected eye to a dark edge moving left. In the control eye, the cell was not direction selective.
In some cells the response to light edges was direction selective in the normal eye, but in the injected eye was relatively poor in both directions, without any clear preference.
An example is the special complex cell of Figure 1OC .
Among some simple cells we observed a loss of direction selectivity for slits that stemmed from their loss of on zones. Many simple cells normally give two bursts of Figure 9 . Responses of four simple cells to moving light and dark edges. The cell in A corresponds to the one inFigure BB, that in B corresponds to the one in Figure BC , and that in C corresponds to the one in Figure 80 . Although none of these gave onresponses through the injected eye, every one responded to light edges through that eye (lower histograms). Thus, these simple cells appeared to have lost their on-subfields, yet they retained their responses to moving light edges. Two of them, in fact (in B and D), gave better responses to light edges in the injected eye ( lower histograms) than in the control eye (upper histograms). Each histogram shows a 6-set segment out of the original 8 sec. Calibration bars: 20 spikes/set. firing to a slit moving in one direction (see Fig. 8 ) and one burst in the opposite direction, so that the overall response is greater one way than the other. When responses were reduced to one burst in both directions by APB injection (Fig. 8) , this asymmetry was lost.
Other cells showed changes in direction selectivity whose origins were less clear. The edge responses of two of these, both standard complex cells, are shown in Figure  10 , D and E. In both cases, it appeared that there was actually an enhancement of the injected eye's light edge response in one direction.
Some cells were direction selective in the control but not the injected eye, and just as many exhibited the reverse behavior, showing direction selectivity only through the injected eye. Thus, the effect of APB injection on directionality appeared to be random. This rules out one hypothesis we had considered, that there is a specific mechanism responsible for direction selectivity that is equally driven by on-and off-center geniculate input. If this were the case, one would expect to see direction selectivity reduced in the injected eye but never increased.
Rather few cells were selective for direction even in the normal eye. If one considers a cell that responds at least twice as well in one direction as in the other to be direction selective, only 26 of 95 cells tested were selective. The number that were direction selective in both eyes was even smaller, 12 in all.
Orientation selectivity and end inhibition. Although one might expect both on-and off-center geniculate cells to contribute to orientation selectivity, we found little evidence of any loss in specificity for orientation. Orientation tuning curves were made by plotting response as a function of orientation in both eyes for 20 cells. Some of these are illustrated in Figure 11 , including the only example we found of reduced selectivity in the injected eye. The rest of the curves show no difference between the eyes in sharpness of tuning. These data gave so little indication of any change in orientation tuning that we stopped quantitative testing, and, for 166 additional cells, simply judged by ear whether orientation tuning was similar in the two eyes. These results agreed with the quantitative ones.
Likewise, end inhibition appeared to be unchanged by intraocular APB injection. We examined this quantitatively for only a few cells, but qualitative examination of a larger number suggested the same conclusion.
Discussion
The major consequence for area 17 of the injection of APB into the eye was a severe reduction in cell responsiveness. In addition, on-responses to stationary light stimuli were almost entirely lost, and those to moving light edges appeared to be severely depressed for most cells. There was little detectable effect on other specific receptive field properties, such as orientation selectivity.
Global changes. The overall decline in responsiveness seems at first fairly easy to explain, because if on-center geniculate cells were silenced, as concluded in the preceding paper, the cortex had lost half of its geniculate input from the injected eye. Indeed, since geniculate offcenter responses were also somewhat weakened (Horton and Sherk, 1984) , one might expect a slightly greater decline in cortical responsiveness. The actual decline could not be quantified in a satisfactory fashion because of the large number of cells that had lost all responsiveness, or at best gave a feeble and erratic response, through the injected eye. Taking into account these cells, however, we conclude that the decline in cortical responsiveness was considerably more drastic than in the LGN. This implies that there is not a linear relationship between responsiveness in the LGN and in area 17. Various schemes might be suggested to explain this. For example, a cortical cell of layer 4 might require summation from several different afferent axons to bring it to its firing threshold. Inactivation of half of the geniculate input to cortex, and consequently half of the afferents to the cortical cell, would actually reduce the probability of an action potential in the cortical cell by considerably more than 50% since it could rarely reach threshold.
Light edge responses. Among the cells that remained responsive through the injected eye, the major change in - Figure 10 . Changes in direction selectivity following APB eye injection, illustrated by five different cells' edge responses for both eyes and both directions of movement. A, This simple cell favored rightward movement in the control eye but responded only to leftward movement in the injected eye. B, No directional preference was shown by this standard complex cell in the control eye, but it strongly favored rightward movement in the injected eye. This was mainly due to its complete loss of response to light edges moving left. C, Responses of this special complex cell were stronger for up than for down in the control eye, with the light edge response in one direction almost double that in the other. Responses to light edges were severely reduced in both directions in the injected eye. D, This standard complex cell showed no obvious loss of light edge response but had opposite directional preferences in the two eyes. E, Another standard complex cell, showing a strong directional preference to the right in the control eye; in the injected eye the light edge response was much better to the left, and there was no marked overall directional bias. Each histogram shows 5 or 6 set of the original 8-set histogram. Calibration bars: 20 spikes/set. specific response properties was a large loss of response responses were much stronger to light than to dark edges to light edges. This change is clear in the sample as a before APB injection were particularly likely to lose their whole (Figs. 4 and 5) , independent of any assumption of responses altogether in that eye and to be excluded from similarity between individual cells' response properties our sample. in the two eyes. Indeed, our results may underestimate
The survival of any light edge response, however, was the loss since it seems plausible that those cells whose unexpected, since such responses have been thought to arise, directly or indirectly, from geniculate on-center cells (Bishop et al., 1971a, b; Schiller et al., 1976) . In support of this notion, Schiller (1982) has found that APB applied to the retina does completely abolish cortical light edge responses in the monkey. We at first suspected that some on-center cells in the LGN retained their on-responses despite APB injection into the eye. The best evidence to the contrary was that we could find no hint of on-response in the LGN. Furthermore, cells with substantial light edge responses occurred intermixed with ones that had none, or very little, so that one could not argue that light edge responses gradually reappeared as the concentration of APB decreased in the vitreous and on-center geniculate cells regained their responsiveness. Nor were larger doses of APB more effective in abolishing light edge responses.
Thus, we conclude that the remaining cortical light edge responses were not generated by on-center geniculate afferents. We also consider it unlikely that they arise from the abnormal geniculate cells noted after intraocular APB injections (Horton and Sherk, 1984) , although we cannot rule out some contribution from this source. Such cells gave extremely weak and variable responses to light stimuli and required quite large stimuli; they were also uncommon.
Another alternative is that light edge responses were due to disinhibition. For this to be the sole tiechanism involved, cortical cells would need to have a fairly substantial level of tonic excitatory input that is normally blocked by different inhibitory mechanisms under different stimulus conditions. Both light and dark stimuli would have to inhibit the cell. (Note that a difficulty for this scheme is that a tonic inhibitory mechanism, active only in the absence of any stimulation, must be postulated to account for the lack of spontaneous cortical firing.) Light-generated inhibition would, in this scheme, depend upon on-center geniculate input and thus be absent in our animals, allowing maintained activity to appear whenever the field was illuminated.
We think it likely that d&inhibition made a contribution to the light edge responses of some cells. The irregular firing of some complex cells during diffuse illumination of the receptive field (Fig. 6) suggests disinhibition. So does the behavior of the simple cell of Figure  9D , which responded vigorously to light edges in the injected but not the control eye. In the normal eye, it appeared that strong light-induced inhibition was exerted by the off zone, blocking responses to moving light edges. If this inhibition were produced by on-center geniculate input (presumably via a cortical interneuron), it would be lost following APB injection and the light edge response unmasked. But disinhibition alone, in the absence of excitatory input elicited by the light stimulus, seems inadequate to account for the vigorous response of this and other cells. This is particularly true for ones that gave a tight burst of firing when the light edge crossed the field, and then were almost silent when the field was diffusely illuminated (for example, cells 2164 and 2260 in Fig. 3 , and cells of Figs. 2 and 9 ). One would have to postulate a strong postinhibitory rebound excitation to explain this behavior, rather than a simple unmasking of spontaneous activity.
A more important source of cortical light edge responses may be the on-surrounds of off-center cells. Although one is accustomed to thinking of geniculate responses as overwhelmingly dominated by center activity, surround responses to annuli can be as vigorous as center responses, and even the median cell in our APBaffected sample gave a surround response that was 40% of the center response (Horton and Sherk, 1984) . Fur-thermore, on-surrounds can be activated by moving light edges. Dreher and Sanderson (1973) showed that most (23 of 26) geniculate surrounds gave such responses; many of these were weak, but some were quite vigorous. Thus, it seems plausible that surround responses are, in some cases, sufficient to drive cortical cells. Dreher and Sanderson (1973) , applying their results to simple cells, suggested that geniculate surrounds alone can account for the responses of their flanking subfields (see also Bishop et al., 1973; Heggelund, 1981) . But our findings indicate that this is uncommon. APB almost always abolished the stationary on-responses of simple cells, as well as the responses to moving slits normally generated by their on zones. We infer from this that both on-and off-center geniculate cells converge to produce the multiple subfields of a simple cell.
The same simple cells that lacked on zones often still gave light edge responses. Supposing that these are due to geniculate on-surrounds, then normally on-surround input from one or more geniculate cells would appear to summate with and reinforce input from on-center geniculate cells. If this is the case, excitatory input derived from on-surrounds seems curiously redundant. It could serve simply to make the response more vigorous, or it might have some additional role, possibly during development.
Simple cells appeared to retain stronger light edge responses than complex cells, and we think the reason may be that they have more direct access to excitatory surround input, in agreement with Hubel and Wiesel's (1962) proposal that they are driven directly by geniculate afferents. Our data do not bear on the question of whether complex cells are driven by simple ones. However, they do suggest that many complex cells depend on intracortical input as well as, or instead of, geniculate input, because, if their main source of activation were the LGN, one would expect them to show light edge responses as brisk as those of simple cells.
Even among cells of one type (complex or simple) there was a wide variation in the amount of surviving light edge response. Assuming that such responses arise from on-surrounds, this might simply reflect the variation in the strength of different geniculate cells' onsurround responses. These ranged in our sample from none at all to ones that were more vigorous than center responses (Horton and Sherk, 1984) . Likewise, Dreher and Sanderson (1973) found that geniculate surround responses to moving edges varied widely in vigor from cell to cell. This variation very likely originates in the retina, since ganglion cells also differ considerably in how strongly they respond to surround stimulation (Enroth-Cugell and Pinto, 1972) .
So far, we have argued that geniculate on-surrounds contribute significantly to cortical light edge responses and, based on this premise, have gone on to suggest several more tentative conclusions. First, normally there is convergence from both on-and off-center geniculate afferents onto simple cells. Second, the excitation converging on one simple cell from an on-center and an onsurround reinforce each other. Third, excitatory and (indirect) inhibitory input from geniculate cells of opposite center signs both contribute to the same subfield of one simple cell. Fourth, the cell-to-cell variation in the strength of light edge responsiveness remaining in the APB-injected eye is due to the variation in the vigor of on-surround responses as well as to the directness (or otherwise) of the input to a given cortical cell from the LGN.
In the monkey, APB completely abolishes cortical light edge responsiveness (Schiller, 1982) , despite the abundance of cells with on-surrounds in monkey LGN. It is possible that excitatory surround responses to white light in the monkey's LGN are weaker than in the cat, since the great majority of its cells are color specific (De Valois et al., 1958, Wiesel and Hubel, 1966) . However, there are no data in the literature that would support this idea, and the difference remains a puzzle.
Orientation selectivity, end inhibition, and direction selectivity. There was no clear evidence for a loss of orientation or length selectivity. The former conclusion can be stated with some confidence, since orientation tuning is normally very similar in the two eyes (Nelson et al., 1977) . Orientation tuning is likewise unaffected in the monkey (Schiller, 1982) . This finding, along with the evidence discussed above that input from geniculate oncenter cells is responsible for the inhibitory response of simple cells' off-subfields, suggests that orientation selectivity is not produced in simple cells by mutual antagonism between subfields.
Direction selectivity was affected by APB injections in an inconsistent fashion: some cells became more directional and others less so, whereas most were unaffected. This suggests that different mechanisms may underlie the directional selectivity of different cells. Sillito (1977) has shown that inhibition is important for some, in agreement with the model that Barlow and Levick (1965) proposed for retinal ganglion cells, and we also found cells that appeared to lose or even reverse their directional preference by virtue of what seemed to be disinhibition (Figs. 9D and 10, D and E) . The results for some other cells could be explained by assuming that they were driven by two cells having opposite directional preferences and were thus nonselective in the normal eye. If APB depressed one input much more than the other, they would then become directional in the injected eye (Fig. 10, A and B) . Directional cells were rather scarce in our sample, comprising only 27% of the total. This figure is lower than those obtained in other quantitative studies (Gilbert, 1977; Murphy and Berman, 1979; Tolhurst et al., 1981 ), but we have no explanation for the difference.
Conclusions. By noting changes in cell responses in area 17 after an eye is injected with APB, we hoped to discover what unique contribution the on pathway makes to visual cortical processing. One unequivocal effect was a loss of cells responding exclusively to light edges (although a few remained that strongly preferred light to dark edges). Surprisingly, this was the sole cell type or property that seemed to be completely eliminated.
The on pathway does not play a vital role in producing orientation selectivity nor, it appears, in generating direction or length selectivity, although the evidence re-garding these two properties is less conclusive. Furthermore, the on pathway is not essential for signaling the presence of light edges, although it may be necessary for indicating that an edge is, in fact, light rather than dark. These findings suggest that inputs from the on and off pathways are so closely interwoven in the receptive fields of cells in area 17 that their basic properties survive the elimination of one pathway.
